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FIG. 3

REACTION FORCE
CALCULATING PROCESS
v

PERFORM Tief
CALCULATING PROCESS

Tief

Bpth o - S10
Bpth P

v

PERFORM Awp
CALCULATING PROCESS

ot T/_ 2
-Op }ep* ~— S
_/I Bpth

v
op*— op* +Aop* ~—S14

v

PERFORM Top*
CALCULATING PROCESS

-opth

op* ~— 516
opth

v
Top*— G- Top*

G

N

> Op*
-Bpth l Bpth

v
Trv < Tief + Top* —~— 520

v

( e )




US 11,613,303 B2

Sheet 4 of 8

Mar. 28, 2023

U.S. Patent

H W o ) B0 8 — w
o 3 % ou] ol dg i > TWTQ mm =g @ IR Amw =ax |
w 47 m ;w i o v #ig w
ovx_\/_ VN : (g — odgYyi— « UM + 9KV = oY :
53004 aun e dof fedo
on <5 m =y
: X ] U
oS, Pl - + il a1 | L
( AW - ZIN S|
“ (.
ol ] 23 7SN ;
) 05
p
oo : DN~ Ss3008d IS h
m m  SISTHLSAH
| | ¢ 2
! | ¥ $8300ud | shuL $53004d
| m $S3004d ONILYINITYO - ONILYINOTYO
m o1 sl “ ONIATddY INNOWY ~ fe 3N0YOL
R R AlS| | SR [ L
| , | =D
veN T Eell 9N 08N — 9N 7 ¢ o:>_ ““““““““““““““““““““““““
L b - b ow

vy Ol



U.S. Patent Mar. 28, 2023 Sheet 5 of 8 US 11,613,303 B2

FIG. 5
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FIG. 8
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1
TURNING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to Japanese Patent Appli-
cation No. 2019-086314 filed on Apr. 26, 2019, incorporated
herein by reference in its entirety.

BACKGROUND

1. Technical Field

The disclosure relates to a turning system that operates a
turning actuator having an electric motor incorporated there-
into and turning a turning wheel.

2. Description of Related Art

For example, Japanese Patent Application Publication No.
2006-175940 (JP 2006-175940 A) discloses a device that
operates an electric motor which is incorporated into a
turning actuator which turns turning wheels based on an
operation amount in feedback control based on a difference
between a target steering torque and an actual steering
torque and an operation amount in feedback control based
on a difference between a target turning angle and a turning
angle.

In an electric power steering system (a steering assist
system), it is generally known that turning by a tire angle of
a predetermined amount or more is prohibited. Specifically,
for example, in a rack and pinion type, it is well known that
so-called end contact in which an end of a rack shaft comes
into contact with a rack housing occurs and thus turning by
the tire angle more is prohibited. In this regard, Japanese
Patent Application Publication No. 2007-045394 (JP 2007-
045394 A) discloses a device that puts limitations to slowly
decrease a current command value of an electric motor when
an end of a rack shaft gets close to a rack housing.

SUMMARY

In the device described in JP 2006-175940 A, at the time
of control for slowly decreasing the current command value
of' the electric motor when the end of the rack shaft gets close
to the rack housing, there is concern that a driver may not be
aware that the magnitude of a steering angle is close to a
maximum value until the end of the rack shaft comes into
contact with the rack housing. When a driver cannot be
aware thereof, there is concern that a state in which a torque
which is input to a steering wheel by the driver is greater
may be maintained and thus the end of the rack shaft may
come into contact with the rack housing with a large force.

An aspect of the disclosure is a turning system. The
turning system includes a steering wheel, a turning actuator
that has an electric motor incorporated thereinto and is
configured to turn turning wheels, and a control device. The
control device is configured to perform: a steering operation
amount calculating process of calculating a steering opera-
tion amount, the steering operation amount is an operation
amount which is convertible to a torque required for the
electric motor as an operation amount of the electric motor
for turning the turning wheels to control a steering torque to
a target steering torque by feedback control, the steering
torque is input by a driver; an angle command value calcu-
lating process of calculating an angle command value, the
angle command value is a command value of a convertible
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angle that is convertible to a turning angle of the turning
wheels based on the steering operation amount; an angle
operation amount calculating process of calculating an angle
operation amount which is an operation amount which is
convertible to a torque required for the electric motor as an
operation amount for controlling the convertible angle to the
angle command value by feedback control; an operation
process of operating a drive circuit of the electric motor to
control the torque of the electric motor based on the angle
operation amount; and a correction process of correcting a
parameter upstream from the angle operation amount cal-
culating process such that a drag force resisting an operation
of' the steering wheel for increasing magnitude of the turning
angle is applied when the magnitude of the turning angle is
equal to or greater than a turning angle threshold value.

With this configuration, by applying a drag force resisting
an operation of the steering wheel for increasing the mag-
nitude of the turning angle when the magnitude of the
turning angle is equal to or greater than the turning angle
threshold value, it is possible to limit the magnitude of a
force for increasing the magnitude of the turning angle to
decrease even when a driver performs an operation for
increasing a large force for increasing the magnitude of the
turning angle. In order to apply the drag force resisting the
operation of the steering wheel, a parameter upstream from
the angle operation amount calculating process is corrected.
Accordingly, in comparison with a case in which an output
of the angle operation amount calculating process is cor-
rected, it is possible to curb deterioration in controllability of
feedback control of the turning angle to the target turning
angle.

In the turning system, the angle command value calcu-
lating process may include a process of subtracting an elastic
force which is set to be greater when the magnitude of the
turning angle is great than when the magnitude of the turning
angle is small from the steering operation amount that is an
input of the angle command value calculating process and a
process of calculating the angle command value based on a
subtracted value. The correction process may include a
process of increasing an increase of the elastic force with an
increase in the magnitude of the turning angle when the
magnitude of the turning angle is equal to or greater than the
turning angle threshold value.

With this configuration, since the elastic force which is set
to be greater when the magnitude of the turning angle is
great than when the magnitude of the turning angle is small
is subtracted from the steering operation amount which is an
input of the angle command value calculating process and
the angle command value is calculated based on the sub-
tracted value, it can be expressed that the torque required for
turning the turning wheels becomes greater when the mag-
nitude of the turning angle is great than when the magnitude
of the turning angle is small. By setting the increase of the
elastic force to increase when the magnitude of the turning
angle is equal to or greater than the turning angle threshold
value, it is possible to apply a drag force resisting an
operation of the steering wheel for increasing the magnitude
of the turning angle when the turning angle is equal to or
greater than the turning angle threshold value.

In the turning system, the angle command value calcu-
lating process may include a process of subtracting a sticky
force which is set to be greater when the magnitude of a
turning angular velocity is great than when magnitude of the
turning angular velocity is small from the steering operation
amount that is an input of the angle command value calcu-
lating process and a process of calculating the angle com-
mand value based on the subtracted value. The turning
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angular velocity is a change rate of the turning angle. The
control device may be configured to perform a stickiness
adjusting process of setting the sticky force to be greater
when the magnitude of the turning angle is equal to or less
than the turning angle threshold value and the magnitude of
the turning angle is closer to the turning angle threshold
value than when the magnitude of the turning angle is farther
from the turning angle threshold value.

When the drag force resisting an operation of the steering
wheel for increasing the magnitude of the turning angle
when the turning angle is equal to or greater than the turning
angle threshold value is applied, there is concern that an
impact due to collision between forces in the opposite
directions such as a force for increasing the magnitude of the
turning angle and the drag force may increase when the
turning angle reaches the turning angle threshold value and
a rate of change of the turning angle is great. Therefore, in
this configuration, by setting the sticky force to be greater
when the magnitude of the turning angle is close to the
turning angle threshold value than when the magnitude of
the turning angle is far from the turning angle threshold
value, the sticky force is likely to increase in the vicinity of
the turning angle threshold value and thus it is possible to
curb an increase of the rate of change of the turning angle.
Accordingly, it is possible to curb an excessive increase of
the rate of change of the magnitude of the turning angle
when the turning angle reaches the turning angle threshold
value and to suppress the impact.

In the turning system, the correction process may include
a process of decreasing the magnitude of the steering
operation amount that is input to the angle command value
calculating process when the magnitude of the turning angle
is equal to or greater than the turning angle threshold value.

With this configuration, since the magnitude of the steer-
ing operation amount is decreased when the magnitude of
the turning angle is equal to or greater than the turning angle
threshold value, the magnitude of the input of the angle
command value calculating process can be decreased when
the magnitude of the turning angle is equal to or greater than
the turning angle threshold value. Accordingly, since the
magnitude of the angle command value is calculated to be
smaller than the magnitude of the steering torque in the
angle command value calculating process, the magnitude of
the convertible angle is likely to be greater than the mag-
nitude of the angle command value. In this case, since the
angle operation amount which is calculated in the angle
operation amount calculating process is an amount for
decreasing the magnitude of the turning angle, it is possible
to apply a drag force resisting an operation of the steering
wheel for further increasing the magnitude of the turning
angle.

In the turning system, the steering wheel may be attached
to a drag force actuator. The drag force actuator may be
configured to apply the drag force that is a force resisting the
operation of the steering wheel to the steering wheel in a
state in which transmission of power between the turning
wheels and the steering wheel is cut off. The control device
may be configured to perform a drag force operating process
of operating the drag force actuator in accordance with the
angle command value. The correction process may be a
process of correcting the parameter upstream from the angle
operation amount calculating process such that the drag
force resisting the operation of the steering wheel for
increasing the magnitude of the turning angle is applied by
the drag force actuator when at least one of a condition that
the magnitude of a steering angle which is a rotational angle
of the steering wheel is equal to or greater than a steering
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angle threshold value and a condition that the turning angle
is equal to or greater than the turning angle threshold value
is satisfied.

With this configuration, when a logical sum of'the steering
angle reaching the steering angle threshold value and the
turning angle reaching the turning angle threshold value is
true, a drag force resisting an operation of the steering wheel
for increasing the magnitude of the steering angle is applied.
Accordingly, it is possible to prevent a phenomenon in
which a steering operation of causing the magnitude of the
turning angle to exceed an upper limit and a steering
operation of causing the magnitude of the steering angle to
exceed an upper limit are performed.

In the turning system, the operation process may be a
process of operating the drive circuit such that the torque of
the electric motor is controlled based on the angle operation
amount regardless of the steering operation amount.

In the turning system, the control device may be config-
ured to perform a target steering torque calculating process
of calculating the target steering torque based on a sum of
amounts that are obtained by converting the steering opera-
tion amount and the steering torque to a force acting on the
same object.

Since the steering operation amount can be converted to
a torque required for the electric motor, a force which is
applied from the vehicle side to turn the turning wheels is
determined based on the steering operation amount and the
steering torque and this force can be converted to a lateral
force. On the other hand, a target steering torque which is
required for improving a feeling of steering for a driver is
likely to be determined based on the lateral force. Accord-
ingly, with the above-mentioned configuration, it is possible
to easily design the target steering torque calculating process
by determining the target steering torque based on the sum
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Features, advantages, and technical and industrial signifi-
cance of exemplary embodiments of the disclosure will be
described below with reference to the accompanying draw-
ings, in which like numerals denote like elements, and
wherein:

FIG. 1 is a diagram illustrating an electric power steering
system according to a first embodiment;

FIG. 2 is a block diagram illustrating processes which are
performed by a turning control system according to the first
embodiment;

FIG. 3 is a flowchart illustrating a flow of a reaction force
calculating process according to the first embodiment;

FIG. 4 is a block diagram illustrating processes which are
performed by a turning control system according to a second
embodiment;

FIG. 5 is a flowchart illustrating a flow of a reaction force
calculating process according to the second embodiment;

FIG. 6 is a diagram illustrating an electric power steering
system according to a third embodiment;

FIG. 7 is a block diagram illustrating processes which are
performed by a turning control system according to the third
embodiment; and

FIG. 8 is a flowchart illustrating a flow of a reaction force
calculating process according to the third embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Hereinafter, a turning control system according to a first
embodiment will be described with reference to the accom-
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panying drawings. As illustrated in FIG. 1, an electric power
steering system 10 includes a steering mechanism 20 that
turns turning wheels 12 based on a driver’s operation of a
steering wheel 22 and a turning actuator 30 that electrically
turns the turning wheels 12.

The steering mechanism 20 includes a steering wheel 22,
a steering shaft 24 that is fixed to the steering wheel 22, and
a rack and pinion mechanism 27. The steering shaft 24
includes a column shaft 244 that is connected to the steering
wheel 22, an intermediate shaft 245 that is connected to a
bottom end of the column shaft 244, and a pinion shaft 24¢
that is connected to a bottom end of the intermediate shaft
24b. A bottom end of the pinion shaft 24¢ is connected to a
rack shaft 26 via the rack and pinion mechanism 27. Right
and left turning wheels 12 are connected to both ends of the
rack shaft 26 via tie rods 28. Accordingly, a rotational
motion of the steering wheel 22, that is, the steering shaft 24,
is converted to a translational motion in an axial direction (a
right-left direction in FIG. 1) of the rack shaft 26 via the rack
and pinion mechanism 27 including the pinion shaft 24¢ and
the rack shaft 26. The translational motion is transmitted to
the turning wheels 12 via the tie rods 28 connected to both
ends of the rack shaft 26, whereby a turning angle of the
turning wheels 12 is changed. A maximum value of a
displacement of the rack shaft 26 in the axial direction is
defined by a rack housing 16.

On the other hand, the turning actuator 30 shares the rack
shaft 26 with the steering mechanism 20 and includes an
electric motor 32, an inverter 33, a ball screw mechanism 34,
and a belt type reduction gear mechanism 36. The electric
motor 32 is a source of power for turning the turning wheels
12 and, for example, a three-phase surface-magnet synchro-
nous electric motor (SPMSM) can be used as the electric
motor 32 in this embodiment. The ball screw mechanism 34
is integrally attached to the surrounding of the rack shaft 26
and the belt type reduction gear mechanism 36 transmits a
rotational force of an output shaft 32a of the electric motor
32 to the ball screw mechanism 34. The rotational force of
the output shaft 32a of the electric motor 32 is converted to
a force for translating the rack shaft 26 in the axial direction
via the belt type reduction gear mechanism 36 and the ball
screw mechanism 34. The turning wheels 12 can be turned
by the force in the axial direction which is applied to the rack
shaft 26.

A turning control system 40 controls the turning wheels
12 and operates the turning actuator 30 to control a turning
angle which is a control parameter therecof. The turning
control system 40 controls the control parameter with ref-
erence to a steering torque Th which is a torque input via the
steering wheel 22 by a driver and detected by a torque sensor
50 or a vehicle speed V which is detected by a vehicle speed
sensor 54. The turning control system 40 also refers to a
rotational angle Om of the output shaft 32a which is detected
by a rotational angle sensor 52 or currents iu, iv, and iw
flowing in the electric motor 32. The currents iu, iv, and iw
can be detected as a voltage drop provided in a shunt resistor
which is provided in each leg of the inverter 33.

The turning control system 40 includes a CPU 42, a ROM
44, and a peripheral circuit 46, which are connected to each
other via a communication line 48. The peripheral circuit 46
includes a circuit that generates a clock signal for defining
internal operations, a power supply circuit, and a reset
circuit.

FIG. 2 illustrates some processes which are performed by
the turning control system 40. The processes illustrated in
FIG. 2 are realized by causing the CPU 42 to execute a
program stored in the ROM 44. A base target torque calcu-
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lating process M10 is a process of calculating a base target
torque Thb* which is a base value of a target steering torque
Th* which is to be input to the steering shaft 24 by a driver
via the steering wheel 22 based on an axial force Taf which
will be described later. Here, the axial force Taf is a force in
an axial direction which is applied to the rack shaft 26. Since
the axial force Taf is an amount corresponding to a lateral
force acting on the turning wheels 12, the lateral force can
be ascertained from the axial force Taf. On the other hand,
a torque which is to be input to the steering shaft 24 by a
driver via the steering wheel 22 is preferably determined
based on the lateral force. Accordingly, the base target
torque calculating process M10 is a process of calculating
the base target torque Thb* based on the lateral force which
is ascertained from the axial force Taf.

Specifically, the base target torque calculating process
M10 is a process of calculating the magnitude of the base
target torque Thb* to be less when the magnitude (the
absolute value) of the axial force Taf is the same and the
vehicle speed V is low than when the vehicle speed V is
high. This can be realized, for example, by causing the CPU
42 to map-calculate the base target torque Thb* in a state in
which map data with the axial force Taf or a lateral accel-
eration which is ascertained from the axial force Taf and the
vehicle speed V as input variables and with the base target
torque Thb* as an output variable is stored in the ROM 44
in advance. Here, map data is pair data of discrete values of
the input variables and values of the output variables cor-
responding to the values of the input variables. For example,
the map calculation is a process of outputting the value of
the corresponding output variable of the map data as a result
of calculation when a value of one input variable matches
one of the values of the input variables of the map data and
outputting a value obtained by interpolation of values of a
plurality of output variables included in the map data as a
result of calculation when the value of one input variable
does not match one value of the input variables.

A hysteresis process M14 is a process of calculating and
outputting a hysteresis correction amount Thys for correct-
ing the base target torque Thb* based on a rotational angle
of the pinion shaft 24¢ (a pinion angle 6p) which is a
convertible angle which can be converted to the turning
angle of the turning wheels 12. Specifically, the hysteresis
process M14 includes a process of identifying switching
forward and switching back of the steering wheel 22 based
on a change of the pinion angle 0p or the like and calculating
a hysteresis correction amount Thys such that the magnitude
of the target steering torque Th* is greater at the time of
switching forward than at the time of switching back.
Specifically, the hysteresis process M14 includes a process
of setting the hysteresis correction amount Thys to be
variable based on a vehicle speed V.

An addition process M12 is a process of calculating the
target steering torque Th* by adding the hysteresis correc-
tion amount Thys to the base target torque Thb*. A steering
operation amount calculating process M16 is a process of
calculating a steering operation amount Ts* which is an
operation amount for controlling a steering torque Th to the
target steering torque Th* by feedback control. The steering
operation amount Ts* is an amount including an operation
amount for controlling the steering torque Th to the target
steering torque Th* by feedback control and may include a
feed-forward term. An operation amount for feedback con-
trol is an amount for increasing the magnitude (the absolute
value) of a required torque for the electric motor 32, for
example, when signs of both the steering torque Th and the
target steering torque Th* are positive and the steering
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torque Th is greater than the target steering torque Th*. The
steering operation amount Ts* is an amount corresponding
to the required torque Td for the electric motor 32 in
feedback control of the steering torque Th to the target
steering torque Th*, and the steering operation amount Ts*
is an amount which has been converted to a torque which is
applied to the steering shaft 24 in this embodiment.

An axial force calculating process M18 is a process of
calculating the axial force Taf by adding the steering torque
Th to the steering operation amount Ts*. Since the steering
torque Th is a torque which is applied to the steering shaft
24, the axial force Taf in this embodiment has a value
obtained by converting a force which is applied to the rack
shaft 26 in the axial direction to a torque which is applied to
the steering shaft 24.

A normative model calculating process M20 is a process
of calculating a pinion angle command value 8p* which is
a command value of the pinion angle Op based on the axial
force Taf. Specifically, the normative model calculating
process M20 is a process of calculating the pinion angle
command value Op* using a model formula which is
expressed by Expression (c1).

Taf=K-0p*+C-8p*+]-0p*" (cl)

The model expressed by Expression (c1) is a model of a
value which is indicated by the pinion angle 6p when the
same amount of torque as the axial force Taf is input to the
steering shaft 24. In Expression (c1), a stickiness coefficient
C is a model of friction of the electric power steering system
10 or the like, an inertia coefficient J is a model of an inertia
of the electric power steering system 10, and an elasticity
coefficient K is a model of specifications such as suspension
and wheel alignment of a vehicle in which the electric power
steering system 10 is mounted. This model is not a model
that accurately expresses the actual electric power steering
system 10 or the vehicle in which the electric power steering
system 10 is mounted, but is a normative model which is
designed to change behavior of the turning angle with an
input to ideal behavior. In this embodiment, it is possible to
adjust a feeling of steering by designing a normative model.

Specifically, in a subtraction process M21, a stickiness
term “C-0Op*'.” a spring term “K-0p*,” and a reaction force
Trv are subtracted from the axial force Taf. In an inertia
coefficient dividing process M22, the output of the subtrac-
tion process m21 is divided by the inertia coefficient J,
whereby a pinion angular acceleration command value op*
(=6p*") is calculated. Then, in an integration process M23
with the pinion angular acceleration command value ap* as
an input, a pinion angular velocity command value ®p*
(=Bp*") is calculated. In an integration process M24 with the
pinion angular velocity command value (p* as an input, the
pinion angle command value Op* is calculated.

A stickiness coefficient multiplying process M25 is a
process of calculating a stickiness term “C-8p*” by multi-
plying the pinion angular velocity command value wp* by
the stickiness coefficient C. An elasticity coefficient multi-
plying process M26 is a process of calculating a spring term
“K-0p*” by multiplying the pinion angle command value
Op* by the elasticity coefficient K.

A reaction force calculating process M30 is a process of
calculating a reaction force Trv based on the pinion angle
command value Op* or the pinion angular velocity command
value wp*. An integration process M40 is a process of
calculating an integrated value In6 of the rotational angle 6m
of the electric motor 32. In this embodiment, the turning
angle of the turning wheels 12 when the vehicle moves
straightly is set to “0” and the integrated value In® when the
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turning angle is “0” is set to “0.” A conversion process M42
is a process of calculating the pinion angle Op by dividing
the integrated value InB by a reduction gear ratio Km from
the steering shaft 24 to the electric motor 32. The pinion
angle Op represents a straight traveling direction when it is
“0” and represents a right turning angle or a left turning
angle depending on whether it is positive or negative.

An angle operation amount calculating process M50 is a
process of calculating an angle operation amount Tt* which
is an operation amount for controlling the pinion angle 6p to
the pinion angle command value 8p* by feedback control.
The angle operation amount Tt* is an amount corresponding
to the required torque Td for the electric motor 32 in
feedback control of the pinion angle Op to the pinion angle
command value 8p*, and is an amount which is converted to
a torque which is applied to the steering shaft 24 in this
embodiment.

The angle operation amount calculating process M50
includes a disturbance observer M52 of estimating a torque
affecting the pinion angle 8p as a disturbance torque in
addition to the angle operation amount Tt* and the steering
torque Th and setting it as an estimated disturbance torque
Tlde. In this embodiment, the estimated disturbance torque
Tlde is converted to a torque which is applied to the steering
shaft 24.

The disturbance observer M52 calculates the estimated
disturbance torque Tlde or an estimated value Ope by
Expression (c2) using an inertia coefficient Jp, the estimated
value Ope of the pinion angle Op, the angle operation amount
Tt0*, and a matrix L of three rows and one column for
defining observer gains 11, 12, and 13. The inertia coeffi-
cient Jp is a model of an inertia of the electric power steering
system 10 and represents the actual inertia of the electric
power steering system 10 with higher accuracy than that of
the inertia coefficient J.

Xe = AXe + B(Tt0« +Tlde) — L(Ope — Op) ©2)

Ope
Xb:[@pe]
Tlde

I3
lz[ﬂ]
3

A differentiation calculating process M54 is a process of
calculating a pinion angular velocity command value by a
differentiation calculation of the pinion angle command
value Op*.

A feedback term calculating process M56 is a process of
calculating a feedback operation amount Ttfb which is a sum
of a proportional term based on a difference between the
pinion angle command value Op* and the estimated value
Ope and a differential term based on a difference between a
differential value of the pinion angle command value Op*
and a differential value of the estimated value Ope.
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A second-order differentiation process M58 is a process of
calculating a second-order time differential value of the
pinion angle command value 6p*. A feed-forward term
calculating process M60 is a process of calculating a feed-
forward operation amount Ttff by multiplying an output
value of the second-order differentiation process M58 by the
inertia coefficient Jp. A two-degree-of-freedom operation
amount calculating process M62 is a process of calculating
an angle operation amount Tt0* by subtracting the estimated
disturbance torque Tlde from a sum of the feedback opera-
tion amount Ttfb and the feed-forward operation amount
Ttff.

A steering torque compensating process M72 is a process
of calculating the angle operation amount Tt* which is an
output of the angle operation amount calculating process
M50 by subtracting the steering torque Th from the angle
operation amount Tt0*. An addition process M74 is a
process of calculating the required torque Td for the electric
motor 32 by adding the angle operation amount Tt* to the
steering operation amount Ts*.

A conversion process M76 is a process of converting the
required torque Td to a torque command value Tm* which
is a command value of the torque for the electric motor 32
by dividing the required torque Td by the reduction gear
ratio Km.

An operation signal generating process M78 is a process
of generating and outputting an operation signal MSt of the
inverter 33 for controlling the torque for the electric motor
32 to the torque command value Tm*. The operation signal
MSt is actually an operation signal for each arm of each leg
of the inverter 33.

FIG. 3 illustrates a flow of the reaction force calculating
process M30. The process flow illustrated in FIG. 3 is
realized by causing the CPU 42 to repeatedly execute a
program stored in the ROM 44, for example, at intervals of
a predetermined period. In the following description, a
numeral prefixed with “S” denotes a step number of each
process.

In the series of processes illustrated in FIG. 3, the CPU 42
first calculates a virtual reaction force Tief (S10). The virtual
reaction force Tief has a value greater than “0” immediately
before the magnitude of a displacement in the axial direction
of the rack shaft 26 reaches a maximum value which is
determined by the rack housing 16, and serves to regulate
displacement to the maximum value.

Specifically, the CPU 42 sets the virtual reaction force
Tief to “0” when the magnitude of the pinion angle com-
mand value 0p* is less than a threshold value Opth, and sets
the magnitude (absolute value) of the virtual reaction force
Tief to a great value when the magnitude of the pinion angle
command value 6p* is equal to or greater than the threshold
value Opth and the magnitude of the pinion angle command
value Op* is great than when the magnitude of the pinion
angle command value Op* is small. The threshold value 6pth
is set to the pinion angle 6p immediately before the mag-
nitude of the displacement in the axial direction of the rack
shaft 26 reaches the maximum value which is determined by
the rack housing 16. Specifically, in the process of S10, the
CPU 42 map-calculates the virtual reaction force Tief based
on the pinion angle command value 0p* in a state in which
map data with the pinion angle 6p as an input variable and
with the virtual reaction force Tief as an output variable is
stored in the ROM 44 in advance.

Then, the CPU 42 calculates an offset amount Awp*
(S12). The CPU 42 sets the magnitude (absolute value) of
the offset amount Awp* to a greater value when the mag-
nitude of the pinion angle command value Op* is great than
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when the magnitude of the pinion angle command value 6p*
is small, and sets the offset amount Awp* to a maximum
value AO before the pinion angle command value 6p*
reaches the threshold value Bpth. The offset amount Awp*
has the same sign as the pinion angle command value Op*.
Specifically, the CPU 42 map-calculates the offset amount
Awp* in a state in which map data with the pinion angle 6p
as an input variable and with the offset amount Awp* as an
output variable is stored in the ROM 44 in advance.

Then, the CPU 42 substitutes a value obtained by adding
the offset amount Awp* to the pinion angular velocity
command value wp* into the pinion angular velocity com-
mand value wp* which is an input parameter in the process
of S16 which will be described later (S14).

Then, the CPU 42 calculates a sticky reaction force Twp*
based on the pinion angular velocity command value wp*
calculated in the process of S14 (S16). Specifically, the CPU
42 sets the sticky reaction force Twp* to “0” when the
magnitude of the pinion angular velocity command value
wp* is less than a velocity threshold value wpth, and
calculates the sticky reaction force Twp* to be greater when
the magnitude of the pinion angular velocity command value
wp* 1s equal to or greater than the velocity threshold value
wpth and the magnitude of the pinion angular velocity
command value wp* is great than when the magnitude of the
pinion angular velocity command value wp* is small. Spe-
cifically, the CPU 42 map-calculates the sticky reaction
force Twp* in a state in which map data with the angular
velocity as an input variable and with the sticky reaction
force Twp* as an output variable is stored in the ROM 44 in
advance.

Then, the CPU 42 substitutes a value, which is obtained
by multiplying the sticky reaction force Twp* by a gain G,
into the sticky reaction force Twp* (S18). The CPU 42 sets
the gain G to “0” when the magnitude of the pinion angle
command value 8p* is small, and sets the gain G to be
greater when the pinion angle command value 6p* is close
to the threshold value 6pth and the magnitude of the pinion
angle command value 8p* is great than when the magnitude
of the pinion angle command value 6p* is small. Here, the
CPU 42 sets the gain G to a maximum value before the
pinion angle command value Op* reaches the threshold
value Opth. Specifically, the CPU 42 map-calculates the gain
G in a state in which map data with the pinion angle 8p as
an input variable and with the gain G as an output variable
is stored in the ROM 44 in advance.

Then, the CPU 42 substitutes the sum of the virtual
reaction force Tief and the sticky reaction force Twp* into
the reaction force Trv (S20). When the process of S20 is
completed, the CPU 42 temporarily ends the process flow
illustrated in FIG. 3.

Operations and advantages in this embodiment will be
described below. When the steering wheel 22 is operated by
a driver, the CPU 42 calculates a target steering torque Th*
in response and controls the steering torque Th to the target
steering torque Th* by feedback control. The CPU 42
calculates the pinion angle command value 6p* based on the
sum of the steering operation amount Ts* which is an
operation amount for feedback control and the steering
torque Th. Then, the CPU 42 calculates an angle operation
amount Tt* which is an operation amount for feedback
control of the estimated value Bpe of the pinion angle 8p to
the pinion angle command value Op*. Then, the CPU 42
determines a torque command value Tm* based on the sum
of'the steering operation amount Ts* and the angle operation
amount Tt*, and controls the torque for the electric motor 32
to the torque command value Tm*.
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Here, when the magnitude of the pinion angle command
value Op* is equal to or greater than the threshold value Opth,
the CPU 42 calculates the magnitude of the virtual reaction
force Tief to be greater than “0.” Accordingly, when the axial
force Taf is the same and the magnitude of the pinion angle
command value 6p* is equal to or greater than the threshold
value Opth, the magnitude of the pinion angle command
value Op* is less likely to increase in comparison with a case
in which the magnitude of the pinion angle command value
Op* is less than the threshold value Opth. Accordingly, the
magnitude of the estimated value Ope is likely to be less than
the magnitude of the pinion angle command value Op*.
When the magnitude of the estimated value 6pe is less than
the magnitude of the pinion angle command value 8p*, the
torque for the electric motor 32 is generated as a torque for
decreasing the magnitude of the pinion angle 8p and thus a
drag force resisting a driver’s operation for increasing the
magnitude of the pinion angle Op is applied to the steering
wheel 22. Accordingly, an operation of the steering wheel 22
for increasing the magnitude of the pinion angle 6p to be
excessively greater than the threshold value Opth is curbed.

The process of applying a drag force to the steering wheel
22 is realized by a process of operating the reaction force Trv
in the normative model calculating process M20 in this
embodiment. The normative model calculating process M20
is a process of calculating the pinion angle command value
Op* based on a normative model which is designed to adjust
a feeling of steering. Accordingly, addition of the reaction
force Trv corresponds to change of the normative model
when the magnitude of the pinion angle 6p reaches the
vicinity of the threshold value 6pth. Since the angle opera-
tion amount calculating process M50 controls the pinion
angle Op to the pinion angle command value 8p*, control-
lability of the angle operation amount calculating process
M50 is maintained even when the normative model is
changed.

On the other hand, for example, when a process of
correcting the angle operation amount Tt* based on the
reaction force Trv, the value of the estimated disturbance
torque Tlde is affected and thus the estimated disturbance
torque Tlde becomes an inappropriate value at a time point
at which correction based on the reaction force Trv is not
performed, and controllability of the pinion angle 6p dete-
riorates.

According to the embodiment described above, following
operations and advantages are additionally achieved. The
reaction force Trv includes the sticky reaction force Twp*.
Here, the sticky reaction force Twp* is a parameter which is
greater when the magnitude of the pinion angle command
value Op* is great than when the magnitude of the pinion
angle command value Op* is small and is likely to increase
when the magnitude of the pinion angle command value 6p*
is greater in comparison with the stickiness term “C-wp*.”
Accordingly, when the pinion angular velocity command
value wp* has a greater value as the pinion angle command
value Bp* approaches the threshold value wpth, the sticky
reaction force Twp* has a great value for decreasing the
magnitude thereof. Accordingly, it is possible to curb an
excessive increase of the magnitude of the pinion angular
velocity command value wp* when the pinion angle com-
mand value Op* approaches the threshold value 8pth. On the
other hand, when the magnitude of the rate of change of the
pinion angle command value 6p* when the pinion angle
command value Op* is greater than the threshold value 6pth
is great, an impact due to collision between the drag force
which is applied to the steering wheel 22 based on the virtual
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reaction force Tief and a force for increasing the magnitude
of the pinion angle command value 6p* may increase

Through the normative model calculating process M20,
the pinion angle command value 6p* is calculated and the
pinion angle 8p is controlled to the pinion angle command
value Op* based on Expression (cl1) which expresses a
normative model. Accordingly, it is possible to adjust steer-
ing characteristics using the normative model.

The target steering torque Th* is set based on the sum of
the steering operation amount Ts* and the steering torque
Th. Here, a target torque which is required for improving a
feeling of steering for a driver is likely to be determined
based on a lateral force. On the other hand, since the sum of
the steering operation amount Ts* and the steering torque Th
can be converted to a lateral force of the vehicle, it is
possible to easily design the process of calculating the target
steering torque Th* by determining the target steering torque
Th* based on the sum.

Hereinafter, a second embodiment will be described with
reference to the accompanying drawings with a focus on
differences from the first embodiment.

FIG. 4 illustrates some processes which are performed by
the turning control system 40 according to this embodiment.
The process flow illustrated in FIG. 4 is realized by causing
the CPU 42 to execute a program stored in the ROM 44. The
processes in FIG. 4 corresponding to the processes illus-
trated in FIG. 2 are referred to by the same step numbers for
the purpose of convenience.

In this embodiment, the steering operation amount Ts*
which is output from the steering operation amount calcu-
lating process M16 is input to a reaction force applying
process M80. The steering operation amount Ts* which has
been subjected to correction in the reaction force applying
process M80 is input to the axial force calculating process
M18 and is also input to the addition process M74. In this
embodiment, the normative model calculating process M20
does not include the reaction force calculating process M30.

FIG. 5 illustrates a flow of the reaction force applying
process M80. The process flow illustrated in FIG. 5 is
realized by causing the CPU 42 to repeatedly execute a
program stored in the ROM 44, for example, at intervals of
a predetermined period.

In a series of processes illustrated in FIG. 5, first, the CPU
42 acquires a pinion angle Op (S30). Then, the CPU 42
substitutes a value, which is obtained by multiplying the
steering operation amount Ts* output from the steering
operation amount calculating process M16 by a gain Gief,
into the steering operation amount Ts* (S32). Here, the CPU
42 fixes the gain Gief to “1” when the magnitude of the
pinion angle Op is small, and sets the gain Giefto a less value
when the pinion angle 8p approaches the threshold value
Opth and the magnitude of the pinion angle Bp is great than
when the magnitude of the pinion angle 8p is small. The gain
Gief has a value of from “0” to “1.”

In addition, when the process of S32 is completed, the
CPU 42 temporarily ends the series of processes illustrated
in FIG. 5. Operations and advantages in this embodiment
will be described below.

By setting the gain Gief to a value less than “1” when the
magnitude of the pinion angle 8p approaches the threshold
value Opth, the CPU 42 corrects the magnitude of the
steering operation amount Ts* which is used for the process
of calculating the axial force Taf to decrease. Accordingly,
even when the steering operation amount Ts* calculated in
the steering operation amount calculating process M16 is the
same, the magnitude of the pinion angle command value 6p*
is less likely to increase when the pinion angle command
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value Op* is equal to or greater than the threshold value 6pth
than when the pinion angle command value 8p* is less than
the threshold value Opth. Accordingly, the magnitude of the
pinion angle command value 0p* is likely to be less than the
magnitude of the estimated value 8pe. When the magnitude
of the pinion angle command value 6p* is less than the
magnitude of the estimated value Ope, the torque for the
electric motor 32 generates a torque for decreasing the
magnitude of the pinion angle 6p and thus a force in a
direction opposite to a driver’s operation is applied to the
steering wheel 22. Accordingly, an operation of the steering
wheel 22 for increasing the magnitude of the pinion angle Op
to be excessively greater than the threshold value Opth is
curbed.

Hereinafter, a third embodiment will be described with
reference to the accompanying drawings with a focus on
differences from the first embodiment.

FIG. 6 illustrates a configuration of an electric power
steering system 10 according to this embodiment. Elements
in FIG. 6 corresponding to the elements illustrated in FIG.
1 are referred to by the same reference signs for the purpose
of convenience.

In this embodiment, a clutch 60 that can cut off transmis-
sion of power to and from the steering wheel 22 is provided
in the pinion shaft 24¢. That is, the pinion shaft 24c¢ is
connected to one end of the clutch 60 and an input shaft 244
that is connected to the steering wheel 22 is connected to the
other end of the clutch 60. In this embodiment, the input
shaft 24d and the pinion shaft 24¢ are referred to as the
steering shaft 24.

Power of an electric motor 72 is applied to the input shaft
244 via a reduction gear 70. A voltage of an inverter 74 is
applied to terminals of the electric motor 72. A drag force
actuator 80 is constituted by the input shaft 24d, the reduc-
tion gear 70, the electric motor 72, and the inverter 74. In
this embodiment, the turning control system 40 refers to a
rotational angle (a steering angle 6h) of the steering wheel
22 which is detected by a steering angle sensor 82.

FIG. 7 illustrates some processes which are performed by
the turning control system 40 according to this embodiment.
The process flow illustrated in FIG. 7 is realized by causing
the CPU 42 to execute a program stored in the ROM 44. The
processes in FIG. 7 corresponding to the processes illus-
trated in FIG. 2 are referred to by the same step numbers for
the purpose of convenience.

As illustrated in FIG. 7, in this embodiment, a command
value of a steering angle (a steering angle command value
6h*), a steering angular velocity command value wh*, and
a steering angular acceleration command value ch* instead
of the pinion angle command value Op*, the pinion angular
velocity command value wp*, and the pinion angular accel-
eration command value ap* are calculated in the normative
model calculating process M20. On the other hand, a steer-
ing angle ratio varying process M82 is a process of setting
an adjustment amount Aa for varying a steering angle ratio
which is a ratio of a target value of the turning angle (the
pinion angle command value Bp*) to the steering angle
command value 0h* to be variable based on the vehicle
speed V. Specifically, the adjustment amount Aa is set such
that the change of the turning angle with the change of the
steering angle is greater when the vehicle speed V is low
than when the vehicle speed V is high. An addition process
M84 sets the pinion angle command value 6p* by adding the
adjustment amount Aa to the steering angle command value
Bh*.

A drag force calculating process M86 is a process of
calculating a torque command value Tr* for the electric
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motor 72 as an operation amount for feedback control of the
steering angle 6h to the steering angle command value Oh*.
An operation signal generating process M88 is a process of
operating the inverter 74 by outputting an operation signal
MSs to the inverter 74 to control the torque for the electric
motor 72 to the torque command value Tr*.

In this embodiment, the steering torque compensating
process M72 is not provided and the output of the angle
operation amount calculating process M50 is the angle
operation amount Tt0*. In this embodiment, the angle
operation amount Tt0* which is output in the angle opera-
tion amount calculating process M50 is the required torque
Td. That is, in this embodiment, a torque command value
Tm* is calculated from only the angle operation amount
Tt0*.

FIG. 8 illustrates a flow of the reaction force calculating
process M30 according to this embodiment. The process
flow illustrated in FIG. 8 is realized by causing the CPU 42
to repeatedly execute a program stored in the ROM 44, for
example, at intervals of a predetermined period.

In a series of processes illustrated in FIG. 8, first, the CPU
42 calculates a steering-side virtual reaction force Tiefs
(S40). Here, the CPU 42 sets the steering-side virtual
reaction force Tiefs to “0” when the magnitude of the
steering angle 6h is less than a threshold value 6hth, and
calculates the magnitude of the steering-side virtual reaction
force Tiefs to be greater when the magnitude of the steering
angle 0h is equal to or greater than the threshold value 6hth
and the magnitude of the steering angle 6h is great than
when the magnitude of the steering angle 6h is small.
Specifically, the CPU 42 map-calculates the steering-side
virtual reaction force Tiefs in a state in which map data with
the steering angle 6h as an input variable and with the
steering-side virtual reaction force Tiefs as an output vari-
able is stored in the ROM 44 in advance.

Then, the CPU 42 calculates an angle-side virtual reaction
force Tieft (S42). Specifically, the CPU 42 sets the angle-
side virtual reaction force Ti